This paper describes a new model for the oxygen-haemoglobin dissociation curve in humans. The model is based on the known structural alterations that occur in the quaternary haemoglobin molecule during oxygenation and deoxygenation. The two alternative structures, tense and relaxed, are described using hyperbolic tangent curves and linked with a probability function to obtain the completed mathematical description of the oxygenhaemoglobin dissociation curve. Model accuracy is assessed by a bias/precision analysis of calculated logit (S) and P50 against gold standard data. A mechanism for the transition between the two structures involving the chloride ion as a major allosteric effector is proposed.
Dysoxia initially alters the function of tissue and eventually its structure. In the critically ill patient, latent tissue hypoxia is an important cause of organ dysfunction, with its attendant morbidity and mortality. There is currently considerable debate as to the nature of the primary problem. Most controversy revolves around the competing concepts of a failure in microcirculatory delivery and unloading of oxygen on one hand, and poor utilization of oxygen by mitochondria on the other. The truth most likely lies somewhere in between [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Whatever the eventual answer, it is likely that the estimation of P50 as an indicator of oxygen-haemoglobin affinity, and hence tissue oxygen availability, will be a useful adjunct to the intensivists' diagnostic armamentarium. With knowledge of the P50, manipulation of this index may lead to significant reductions in the morbidity or mortality of critically ill patients [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .
The difficulty of directly measuring P50 is a consequence of the time-consuming nature of the tech-nique of desaturation tonometry 25, 26 , whereas single point estimation of P50 from a PO 2 /SO 2 pair using an appropriate algorithm is simpler and just as accurate [27] [28] [29] [30] . To date, blood gas analysers utilize a number of different algorithms to derive the various indices of oxygen-haemoglobin affinity, including P50, and while the clinical value of these derived indices is still being debated, there is no doubt that the accuracy of these algorithms, particularly in the arterial saturation range (SO 2 >0.90) is, at best, suspect 31 . Given that most intensive care units draw blood for analysis from indwelling arterial catheters, and that the haemoglobin saturation of the vast majority of these analytes lies within the arterial range 31 , there is justification for a more accurate mathematical model of the human oxygen-haemoglobin dissociation curve (OHDC). A secondary but equally important goal in designing a model is that it reflects the physical chemistry of the oxygenhaemoglobin interaction.
The aim of this paper is to present a model that achieves these objectives.
METHODS

Definitions and Abbreviations
HbT haemoglobin in its "tense", deoxygenated or low affinity form 
Selection of Gold Standard Data
Several authors [32] [33] [34] [35] [36] [37] have mapped the standard human OHDC, and in order to select an appropriate gold standard, each available dataset was converted to logit (S)/ln(PO 2 ) (Hill Plot) format and analysed using Lagrangian interpolation. Emphasis was placed on the terminal slopes and half saturation point as these parameters provide comparable data when dealing with Hill Plot kinetics. Ideally, for the human OHDC, both terminal slopes equal 1.0 and the P50 is 26.7 mmHg 38, 39 . If one particular dataset was seen to be generally closer to these ideal results it was selected as the gold standard, obviating the need for more complex kinetic analysis. Table 1 demonstrates that the data published by Severinghaus in 1979 34 is the closest to the ideal Hill Plot and this was used as the gold standard.
Statistical Methods
The models discussed are assessed against the Severinghaus gold standard data ( Two-tailed t-tests assuming independent samples with unequal variances were performed on the logit (S) bias results over the saturation ranges 0.00<SO 2 <1.00, 0.20<SO 2 <0.80, 0.90<SO 2 <1.00 and 0.97<SO 2 <1.00.
To assess the fit of any model to the standard curve, the gold standard data were used as input pairs to the model in question in order to calculate the P50 for each pair. The reference P50 was calculated from published values of P50 that included an assessment of either standard deviation or standard error [32] [33] [34] [35] [36] [37] . A running mean and pooled variance were calculated to give a final value of 26.71±0.50 mmHg as the gold standard P50±95%CI. The statistical software STATA (Stata Corporation, Texas, U.S.A.) was used to facilitate analysis.
The Model
For modelling purposes, hyperbolic functions have been successfully used to simulate molecular ligand binding for many years 38 . Examples include models for single site proton binding, Michaelis function double site binding, four site symmetrical tetrahedral binding and many other flexible models incorporating multiple (>4) sites. Specifically, in the field of oxygen-haemoglobin modelling, the Siggaard-Andersen hyperbolic tangent model 39 has recently gained popularity and is used in at least one benchtop commercial blood gas analyser (Radiometer Co., Copenhagen, Denmark).
In all of these various mathematical formats both the independent and dependent variables are expressed in logarithmic form. For multiple site titration curves this type of modelling gives rise to the familiar Hill Plot. The versatility of using this style of mathematical function for modelling ligand binding is that position, slope and asymptote adjustments can be made easily, with the relationship simplicities between the various hyperbolic functions conferring an added advantage. This new model builds on the Perutz/MWC two state allosteric theory 40 and assumes that the T/R transition becomes more probable, according to a normal distribution, with each oxygen bound or released. Each haemoglobin state is characterized according to the convention of Siggaard-Andersen 39 and is assigned a value for free energy of association (∆G and hence h ), P50 and nmax. Two further values (x0, y0) locate a point of symmetry. The resulting hyperbolic models for the two discrete states are then linked by a normal distribution curve to complete the final model.
Mathematical Model Design
Logit (S) for each of the quaternary structures (HbR & HbT) is described by the general hyperbolic function
where the coordinate (x0, y0) describes a cartesian point of symmetry and 2h is the inter-asymptotic distance related to the free energy of association ∆G by the function 2.h.R.T. The term k is evaluated by
where kR=(nmaxR-1)/hR x0R, y0R, hR and nmaxR are defined in Table 3 and HbT yT=y0T+(x-x0T)+hT.tanh (kT(x -x0T)) where kT=(nmaxT-1)/hT x0T, y0T, hT and nmaxT are defined in Table 3 The resulting values for yR and yT are linked with function P=f (x M , x SD ). This function describes the cumulative area under a normal distribution curve with mean x M and standard deviation x SD , giving the final model y=yR.P+yT.(1-P) with x M =3.6889 (PO 2M =40.00 mmHg) and x SD =1.0647 (PO 2SD = 2.90 mmHg).
The Pascal listing describing in detail the interrelationships between the various mathematical functions when calculating P50 from a PO 2 /SO 2 pair is available from the author on request. In summary the following steps are taken-1) Calculate a standard PO 2 (PO 2 c) from given SO 2 .
An accurate algorithm is essential to returning a value for PO 2 c close to the gold standard for that saturation. 2) From PO 2 c the allosteric curve displacement ("a") of the measured PO 2 /SO 2 pair can be derived.
3) P50 can be calculated from the calculated "a" and the measured PO 2 . Traditionally, once the allosteric curve displacement is known, a rough calculation can be made to determine the concentration of DPG. This technique has limited real clinical use because of the saturation dependency of many of the allosteric "constants" used in the calculation 41 , the activity of other unmeasured allosteric effectors (ADP, Cl -) and the presence of other unquantified haemoglobin species. The possibility of measuring DPG directly exists (Sigma Diagnostics, PO Box 14508, St Louis, MO, 63178, U.S.A.) but as this technique is cumbersome and time-consuming it is not routinely performed. Accurate prediction of P50 from a single point PO 2 /SO 2 pair is all that is required for bedside clinical assessment of oxygen-haemoglobin affinity.
General performance of the new model in terms of curve shift and shape can be seen from Figure 1 . As the curve left-shifts (decreasing P50, higher affinity) it becomes relatively "straighter" in the range 30<PO 2 <200 mmHg with the converse occurring during right-shift (increasing P50, lower affinity). This is in agreement with the experimental evidence of several authors 32, 33, 35, 36 .
RESULTS
Because the Siggaard-Andersen algorithm 39 is generally acknowledged as the most accurate of the current mathematical models and the one that most reflects the physical chemistry of oxygenhaemoglobin affinity, the new model is compared to it, and both are benchmarked against the gold standard data points.
Logit values for each of the Siggaard-Andersen and the new model across the PO 2 range 1 PO 2 500 mmHg and the bias from the gold standard data logit were calculated. A two-tailed t-test assuming unknown variance was performed on the resulting bias calculation which revealed that the new model was significantly better in all groups (P<0.005) except in the venous saturation range 20-80% where the Siggaard-Andersen model is known to fit the data well. Results are tabulated in Table 4 .
P50 values using the gold standard data pairs were In Table 5 , 95% confidence intervals about the mean predicted P50 for each model are shown.
It can be seen that the new model returns results not significantly different from the gold standard P50 in all saturation ranges, whilst the Siggaard-Andersen algorithm is particularly inaccurate in the range 0.90<SO 2 <1.00. Both models are accurate in the venous range 0.20<SO 2 <0.80.
The results are also presented graphically ( Figures  2 and 3 ) and show that while both models quite adequately fit the gold standard data in the range 0.20<SO 2 <0.80, the Siggaard-Andersen algorithm drifts out of range above 92% saturation. The new model is within the acceptable confidence intervals at all values of haemoglobin saturation. FIGURE 1: Oxygen-haemoglobin affinity curve shape and position changes with varying allosteric curve displacements ("a")-left-shifted curve was generated from the model using a curve displacement of a=-1.0 and the right-shifted curve with a curve displacement of a= +1.0 corresponding to P50s of 10 and 70 mmHg respectively. Extremes of P50 were selected to emphasize the curve changes. For convenience only, the x-axis is scaled using ln (p/26.7) in order to place the standard curve through the origin.
TABLE 4 Bias and Precision Analysis-variation of new model logit (S) and
Siggaard-Andersen model logit (S) against gold standard logit (S), as bias and precision, in the saturation ranges indicated. To test whether a significant difference existed between the two models they were analysed against one another using a two-tailed t-test assuming unequal variance. P values less than 0.05 were taken as significant.
NS indicates no significant difference 
DISCUSSION
In 1959 Perutz 42 and his colleagues unravelled the architecture of the haemoglobin molecule using the techniques of X-ray crystallography. By 1965 Monod, Wyman and Changeux 40 had recognized similarities between haemoglobin and certain classes of enzymes that could regulate their activity by structural changes caused by regulator molecules. They coined the term allostery ("other solid") because the regulator molecules involved have a different structure from the molecule directly involved in the reaction-oxygen in the case of haemoglobin. For haemoglobin the two quaternary structures became known as the T form (tense, HbT, low affinity) and the R form (relaxed, HbR , high affinity) with the regulator molecules, or allosteric effectors, represented by a disparate group including H + , CO 2 and DPG 43 . This two state allosteric model became known as the MWC model after its authors Monod, Wyman and Changeux 40 , and whilst its validity has been disputed, recent evidence has shown it to be substantially correct 44, 45 . Based on this theory, further models that describe various aspects of the physical chemistry of oxyhaemoglobin association/dissociation began to be developed with varying degrees of complexity and success 32, 34, 40, [46] [47] [48] .
Ideal Binding Theory
According to ideal binding theory, the Hill Plot is sigmoid shaped with its slope (n) asymptotically approaching 1 as x (ln PO 2 ) approaches ± ∞ with a point of symmetry about the P50 42 . The maximal slope (nmax) occurs at the P50 and its value is dictated by the mean occupancy of the major homotropic binding sites (iron-haem groups in this case) ( Figure 6 ).
In reality the whole blood Hill Plot differs from the ideal due to cooperative homotropic allosteric transitions occurring between the haemoglobin moieties. That these transitions follow a normal distribution is not an unreasonable assumption. It was based on this information that the model involving both haemoglobin structures with a transition dictated by a simple statistical function was drafted. As the mean PO 2 at transition seems to occur around the venous point on the standard OHDC (40 mmHg) it is worthwhile examining how this might occur with particular emphasis on the role of the chloride ion as an allosteric effector.
HbR -HbT Transition
Haemoglobin A is a tetramer composed of two α and two β protein subunits packed into a tetrahedral array, creating a roughly spherical molecule with dimensions of 6.4 x 5.5 x 5.0 nm and molecular weight 64.45 kDa. Furthermore, the molecule consists of two dimeric halves -an α 1 β 1 pair and an α 2 β 2 pairarranged about a central cavity and connected to each other by eight salt bridges. Each αβ pair moves as a rigid unit and with oxygenation/deoxygenation the two halves rotate approximately 15° about an imaginary pivot passing through the α and β subunits [50] [51] [52] (Figure 7) . This HbT-HbR transition seems to occur over a relatively narrow PO 2 range in accordance with a normal probability distribution. The mechanism of this transition can be accounted for by considering the ionic charge structure of haemoglobin. Whilst it is well recognized that the binding of four to six protons to the negative outer surface of the haemoglobin molecule (fixed acid Bohr effect) is a major con-tributor to the decrease in oxyhaemoglobin affinity, approximately 25-40% of the total change in affinity is unaccounted by this effect alone 49, [53] [54] [55] [56] [57] [58] [59] . It seems as though something else is required to trigger the transformation. It is also known that some mammalian haemoglobins (e.g., bovine Hb) do not use DPG and rely on changes in intra-erythrocyte chloride concentration to assist the Bohr effect in lowering affinity [60] [61] [62] .
X-ray crystallography has revealed that the central cavity of human oxyhaemoglobin carries an excess positive charge 49, 52 and is too small to accommodate DPG, being occupied by water molecules instead. Therefore it is not unreasonable to conjecture that a similar reliance on chloride ions might occur in human haemoglobin. Binding of chloride to nonspecific sites within the cavity on a one-to-one Hb-Cl stoichiometric basis with a subsequent decrease in oxygen affinity has been postulated by many authors, and in view of this, there may be a possible role for chloride as a major allosteric effector 49, 55, 59, [63] [64] [65] [66] .
The following general mechanism is proposed. As blood enters the precapillary arterioles the rising plasma carbon dioxide concentration causes an increase in intra-erythrocyte protons, facilitated by the action of carbonic anhydrase on carbon dioxide and water. This then results in the chloride shift 67 , a net movement of chloride into the erythrocytes as bicarbonate is actively pumped out of the red cells 43 (Figure 8 capillary circulation has been measured at approximately 6±2 mmol/l [68] [69] [70] .
The protons generated by the dissociation of carbonic acid are buffered on the outer surface of the haemoglobin molecule, thus decreasing the overall net surface negative charge and permitting chloride ions to enter the central cavity. This movement of chloride displaces water from the central cavity and partially neutralizes the positive charge within. The resultant alteration in electrostatic balance causes the transition from HbR to HbT to begin, widening the central cavity and permitting the entry of DPG as a locking molecule. Simultaneously, affinity at the oxygen binding sites is decreased by a well documented molecular distortion between the C-terminal histidine (β subunit) and the iron-haem complex. Cooperative alterations in binding at other oxygenhaemoglobin sites facilitate the unloading of more oxygen molecules to the waiting tissues. This chloride regulated unloading of oxygen can be described chemically by the reaction 71 -
The process is reversed in the pulmonary capillary bed when the carbon dioxide concentration drops and the chloride shift reverses. Falling intra-erythrocyte chloride and proton concentrations reinstate the full cavity positive charge and surface negative charge respectively causing the expulsion of DPG and the restoration of the high oxygen affinity HbR state. In this model, DPG assists in stabilizing the deoxyhaemoglobin molecule whilst oxygen unloading occurs but does not seem to be absolutely necessary for the transformation. From an evolutionary standpoint the presence of locking molecules like DPG assist in maintaining the low haemoglobin affinity state and facilitate the unloading of more oxygen to highly metabolically active tissues (e.g., the myocardium).
Clinical Applications
It has been shown previously that the majority of patients (greater then 90%) in an intensive care unit have arterial saturations above 92% regardless of their state of ill-health. The fact that the Siggaard-Andersen algorithm is inaccurate above this saturation point was also demonstrated 31 . This means that any clinical interventions or studies involving P50 needed to be done on either freshly drawn venous blood or desaturated arterial blood. With an algorithm that is now accurate into the high arterial saturation range, it is possible to simplify the procedure entirely. After drawing one sample of arterial blood, usually from an indwelling arterial catheter, the P50 can be reliably calculated and reported 384 C. ANSTEY Anaesthesia and Intensive Care, Vol. 31, No. 4, August 2003 FIGURE 8: Schematic Diagram of the Chloride Shift. Carbon dioxide generated by the tissues diffuses freely into the erythrocytes where it combines with water to make carbonic acid, which then dissociates into protons and bicarbonate ions. The protons are buffered on the surface of the haemoglobin molecule and assist the transition to a low affinity state (Bohr Effect) whilst the bicarbonate ions are actively exchanged across the red cell membrane for chloride ions (Hamburger Effect Cl -along with any other acid-base, electrolyte or other quantity, automatically. This must confer benefits in terms of operator and patient safety and sheer convenience.
Furthermore from a research perspective, a model based on the molecular kinetics of oxygen and haemoglobin should give insights into the physicochemical interactions that occur between the major moieties. For example, with a haemoglobin concentration of 130 g/l (8.1 mmol/l) and a mean DPG of 5.0 mmol/l the [DPG]/ [Hb] ratio is approximately 0.63. It is not unreasonable to assume that in highly active tissue (e.g., the myocardium, where the PvO 2 = 26.7 mmHg) all available DPG might be bound in a 1:1 relationship to HbT to facilitate maximal oxygen unloading. That is, the predicted proportion of HbT in those tissues should be close to 0.63. Calculations from this new model give a [HbT]/ [Hb] figure of 0.64. Similarly, at low PO 2 with only one oxygen bound to haemoglobin it had been assumed that the minority (<10%) of haemoglobin would be in the HbR state, but recent research has put the fraction between 20% and 25% 72 . Calculations from this model predict the HbR proportion at this saturation to be 22%. If this model is ever used as the core algorithm in a blood gas analyser, this type of data could be reported along with the more traditional measured and calculated parameters.
A note regarding the reference P50
As mentioned, the reference value for P50±1.96 SD (26.71±0.50 mmHg) was derived from various published results. Given the accuracy of the new algorithm, a Monte Carlo simulation using published means and standard deviations for the measured allosteric effectors H + , CO 2 , carbon monoxide and methaemoglobin 73 with the new model as the core function, was run to check the P50. A value of 26.69±0.50 mmHg (P50±1.96 SD) was obtained. This nearly perfectly correlates with the value obtained by direct interpolation of the gold standard data (26.688 mmHg) and concurs with the more usually accepted value of 26.70 mmHg.
CONCLUSION
A new model for the oxyhaemoglobin dissociation curve is presented and analysed against the gold standard data and the very popular Siggaard-Andersen model. The new model is shown to be most accurate in the saturation range above 90%, within which current algorithms have difficulty returning accurate P50 values.
In addition, a mechanism explaining the transition between the alternative haemoglobin structures using intra-erythrocyte chloride as a major allosteric effector is proposed.
